Ultimate compressive strength of welded stiffened aluminium plates under combined biaxial in-plane compression and different levels of lateral pressure is assessed herein. A numerical database of the ultimate strengths for stiffened aluminium plates is generated at first. Then, regression analysis is applied in order to derive the empirical formulations as functions of two parameters, namely the plate slenderness ratio and the column (stiffener) slenderness ratio. The formulae implicitly include the effects of initial imperfections and heat affected zone.
INTRODUCTION
Structural design of marine structures can be performed using either traditional allowable stress design (ASD) or limit state design (LSD). A great attention has been paid in recent years towards extending the wide range of applications of limit state design to some remaining marine structures, especially merchant ships.
Although large merchant ships are usually built in steel, aluminium alloys may be employed in construction of small-to-moderate size merchant ships. Owing to the differences that exist between the behaviour of steels and that of aluminium alloys, available formulations for steel structures cannot be directly applied to the aluminium structures, even with considering suitable conversion coefficients. That is why, there is a need to develop limit state equations specific to structures made in aluminium alloys.
Stiffened aluminium plates as the main supporting elements in the structure of high-speed ships and also in the superstructures of the ships, are primarily required to resist against in-plane compressive forces acting along their length and/or breadth. Moreover, lateral pressure loading may also be present beside the in-plane loads. Ultimate limit state (ULS) is the main limit state governing the collapse of stiffened plates. The stiffened plates may experience different types of buckling failures when subjected to above-mentioned loads.
The ultimate strength of stiffened aluminium AA6082-T6 plates under the axial compression was investigated by Aalberg et al. (1998) using numerical and experimental methods. Hopperstad et al. (1998) carried out a study with the objective of assessing the reliability of non-linear finite element analyses in predictions on ultimate strength of aluminium plates subjected to in-plane compression. Some initial experimental and numerical simulations on the torsional buckling of flatbars in aluminium plates have been also performed by Zha et al. (2001) and also Zha and Moan (2003) . A numerical benchmark study to present reliable finite element models to investigate the behaviour of axially compressed stiffened aluminium plates (including extruded profiles) was performed by Rigo et al. (2003) . Paik et al. (2005) presented a methodology for ultimate limit state design of multi-hull ships made in aluminium. The impact of initial imperfections due to the fusion welding on the ultimate strength of stiffened aluminium plates was studied by Paik et al. (2006) [8] . Paik (2007) derived empirical formulations for predicting the ultimate compressive strength of welded aluminium stiffened plates. Mechanical collapse tests on stiffened aluminium structures for marine applications were performed by Paik et al. (2008) . Khedmati et al. (2009) performed a thorough sensitivity analysis on the elastic buckling and ultimate strength of continuous stiffened aluminium plates under combined longitudinal in-plane compression and lateral pressure. Also, in another study, Khedmati et al. (2010a) investigated the post-buckling behaviour and strength of multi-stiffened aluminium plates under combined longitudinal in-plane compression and lateral pressure. Later, empirical formulations for estimation of ultimate strength of continuous stiffened aluminium plates under combined longitudinal in-plane compression and lateral pressure were derived by Khedmati et al. (2010b) . Also, Khedmati et al. (2014b) extended their empirical formulations to the case of continuous stiffened aluminium plates under combined transverse in-plane compression and lateral pressure This paper is a continuation of the studies made by Khedmati et al. (2010b Khedmati et al. ( , 2014b , in order to further develop empirical formulations for prediction of ultimate strength of continuous stiffened aluminium plates under combined biaxial in-plane compression and lateral pressure. The ultimate compressive strength data numerically obtained by the authors is used for deriving the formulations which are expressed as functions of two parameters, namely the plate slenderness ratio and the column (stiffener) slenderness ratio. Regression analysis is used in order to derive the empirical formulations. The formulae implicitly include the effects of weld induced initial imperfections and softening in the heat affected zone.
ELASTIC_PLASTIC LARGE DEFLECTION ANALYSIS
A number of stiffened aluminium plate models are created in order to be analysed using finite element method.
Geometrical Characteristics of the Models
Three types of models are considered. Geometrical characteristics of all stiffened plate models are given in Table 1 . In each type, three different shapes of stiffeners (Flat, Angle and Tee) have been attached to the isotropic plate, Figure 1 . The stiffened plates of each type have the same moment of inertia. Types 1, 2 and 3 correspond respectively to weak, medium and heavy stiffeners. FEM program (2003) is utilised in order to perform elastic-plastic large deflection analyses on the stiffened aluminium plate models. Both material and geometric nonlinearities are taken into account. The four-node SHELL43 elements are used for discretisation of the stiffened plate models. The SHELL43 element has six degrees of freedom at each node: translations in the nodal x, y, and z directions and rotations about the nodal x, y, and z axes. Based on the experience gained by Khedmati et al. (2009 Khedmati et al. ( , 2010b , 300 elements are used to descretise each local plate panel (the panel surrounded by successive longitudinal or transverse stiffeners), 6 to 7 and 5 to 6 elements are also considered respectively along web and flange stiffener. Figure 2 shows typical examples of the stiffener mesh models.
Finite Element Code and Details of Descretisations

ANSYS
Mechanical Behaviour of Material
The Young modulus and the Poisson's ratio of the aluminium alloy material are 70.475 GPa and 0.3 respectively. The stress-strain relationship of the aluminium alloy is shown in Figure 3 (a). The breadth of heat affected zone (HAZ) is assumed to be 50 mm in the plate and 25 mm in the stiffener web, at the plate-stiffener junction, Figure 3 
Extent of the Model, Boundary Conditions and Loading Sequence
In most of the studies regarding the buckling and ultimate strength of plates, an isolated plate surrounded between longitudinal stiffeners and transverse frames is considered assuming simplysupported boundaries around the plate. However, in continuous plating subjected to a high lateral pressure, the plate deflects in the same direction in all adjacent spans or bays. Therefore, for large lateral pressure the plate can be considered as clamped along its edges. As a result, according to the numerical studies on continuous ship bottom plating under combined in-plane compression and lateral pressure (Yao et al. 1998) , both elastic buckling strength and ultimate strength become larger than those for the simply-supported isolated plates. Thus, continuous stiffened plate models are to be used in such analyses (Yao et al. 1998 ).
Figure 4: Extent of the continuous stiffened plate models for analysis in which q is the lateral pressure acting perpendicularly on the plate region (Yao et al. 1998) . A double span-double bay (DS-DB) model (region abde in Figure 4 ) has been chosen for the analysis of stiffened aluminium plates with symmetrical stiffeners (Memarian 2011) . For the analysis of the stiffened plates with non-symmetrical stiffeners, a double span-triple bay (DS-TB) model (region abgh in Figure 4 ) has been considered (Memarian 2011) . The boundary conditions of the analysed models are as follow:
 Periodically continuous conditions (equality of displacement along x-axis, displacement along z-axis, rotation about x-axis, rotation about y-axis and rotation about z-axis) are imposed at the same x-coordinate along the longitudinal edges in the triple bay models (i.e. along ab and gh). These conditions are defined as below: 
 Symmetry conditions are imposed at the same x-coordinate along the longitudinal edges in the double bay models (i.e. along ab and de).
 Symmetry conditions are imposed at the same y-coordinate along the transverse edges in the double span models (i.e. along adg and beh).
 Although transverse frames are not modelled, the out-of-plane deformation of plate is restrained along its junction line with the transverse frame.
 To consider the plate continuity, in-plane movement of the plate edges in their perpendicular directions is assumed to be uniform.
After producing initial deflection in the stiffened plate models, lateral pressure is applied first on it until the assumed levels. Then, biaxial in-plane compression with different combinations of longitudinal/transverse stresses is exerted on the stiffened plate model. 
Initial Imperfections
In order to simulate the complex pattern of initial deflection (Yao et al. 1998) , lateral pressure is applied first on the stiffened plate model and a linear elastic finite element analysis is carried out. Such an analysis is repeated in a trial and error sequence of calculations until the deflection of plate reaches to the average value given by equation (2).
The value of coefficient c depends on the level of initial deflection. Smith et al. (1987) proposed the maximum magnitude of initial deflection, 
The relationships given in the equations (2) and (3) are usually employed for strength assessment of steel structures. However, they can also be generalised to the case of aluminium structures, provided that a suitable amount of the coefficient c is adopted. Based on the earlier studies made by Paik et al. (2008) and also those of Khedmati et al. (2010b) and Memarian (2011) , the coefficient c is assumed to be of the value of 0.05 reflecting the average value of initial deflection in ship plating evaluated by Varghese (1998) . Thus, the final value of the maximum plate deflection is adopted as:
After satisfying this condition, the data information i.e the coordinates of nodal points, element coordinates and boundary conditions, are extracted and transferred to a new finite element mesh. The new model is used for a non-linear FEA analysis of the stiffened plate subjected to biaxial inplane compression combined with variable levels of the lateral pressure. The procedure of generating initial deflection is shown schematically in Figure 5 (a). After this step, lateral pressure is first applied until the assumed levels, before the application of in plane biaxial compression load (Memarian 2011 , Khedmati 2000 . The values of maximum initial deflections in the adjacent local plate panels in the analysed models are corrected with some experience-based coefficients as defined in the Figure 5 (b) (Khedmati 2000) , in order to overcome divergence problems. In addition to the initial deflections in the plate panels and successively in the attached stiffeners, material softening in the heat affected zones (HAZ) is taken into account.
Arc-length Method
The arc-length method is activated herein to help avoid bifurcation points and track unloading. This method causes the equilibrium iterations to converge along an arc, thereby often preventing divergence, even when the slope of the load versus deflection curve becomes zero or negative. 
Validation of Numerical Model
As it was already stated, the current study is a continuation of the work reported in Khedmati et al. (2010b Khedmati et al. ( , 2014b . Thus, its results are fully supported by the numerous validation analyses already performed by Khedmati et al. (2009) . An extract of the validation analyses made by Khedmati et al. (2009) is described in the Table 2 . It can be easily confirmed that the results obtained in this study are in good agreement with the results available in the literature.
Demonstration of the Results
The full-range curves of y 
INTERACTION EQUATIONS
The following form or template is proposed for the interaction equation capable of predicting the ultimate strength of a continuous stiffened aluminium plate subject to combined biaxial compression and lateral pressure: 
Performing the regression analysis on the previously-developed numerical database, different sets of the coefficients are derived.
Coefficients for the Case of Continuous Plates Stiffened with Flat-bar Stiffeners
The regression-based coefficients in this case would be as follows: 
Coefficients for the Case of Continuous Plates Stiffened with Tee-bar Stiffeners
Coefficients for the Case of Continuous Plates Stiffened with Angle-bar Stiffeners
0.2742 2.713 9.535 5.308
VERIFICATION
The interaction equation (5) together with the powers (6) and coefficients (7) to (9) are now used to predict the ultimate strength of all models defined in Table 1 when subjected to different combinations of in-plane compression and lateral pressure. The numerical values of the ultimate strength for the analysed models are given in the Tables 6 to 8. In addition, comparison of the envelope curves predicted using the empirical interaction equations with those obtained using FEM for some typical cases is demonstrated in the Figure 10 . As can be realised, a relatively good correlation can be observed among the results.
CONCLUSIONS
The aim of the present paper has been to develop closed form formulations for predicting ultimate compressive strength of stiffened aluminium plates under combined biaxial in-plane compression and lateral pressure. Extensive numerical results on welded stiffened aluminium plate structures obtained through a series of elastic-plastic large deflection FEM analyses were used for this purpose.
An easy-to-use and practical template is adopted for derivation of the empirical formulations for estimation of the ultimate strength in the form of interaction diagrams. Different constants and coefficients were derived in order to be implemented in that template for prediction of the ultimate strength of the plates stiffened with flat-bar/tee-bar/angle-bar stiffeners subject to various levels of water head. The ultimate strength formulations developed implicitly take into account the effects of weld-induced initial imperfections and softening in the heat affected zone. Accuracy of the derived formulations for the interaction diagrams was demonstrated through comparisons with the numerical results. The empirical formulations will be useful for ultimate strength-based reliability analyses of any aluminium plated structures. It should also be kept in mind that when using the derived empirical formulations for final sizing or detailed strength check calculations, any precautions are required such as additional safety factors given the potential for non-conservative strength predictions. 
Figure 10: Comparison of the envelope curves predicted using the empirical interaction equations with those obtained using FEM for some typical cases.
